Nitrification is a two-step process where ammonia is first oxidized to nitrite by ammonia-oxidizing bacteria and/or archaea, and subsequently to nitrate by nitrite-oxidizing bacteria. Already described by Winogradsky in 1890 1 , this division of labour between the two functional groups is a generally accepted characteristic of the biogeochemical nitrogen cycle 2 . Complete oxidation of ammonia to nitrate in one organism (complete ammonia oxidation; comammox) is energetically feasible, and it was postulated that this process could occur under conditions selecting for species with lower growth rates but higher growth yields than canonical ammoniaoxidizing microorganisms 3 . Still, organisms catalysing this process have not yet been discovered. Here we report the enrichment and initial characterization of two Nitrospira species that encode all the enzymes necessary for ammonia oxidation via nitrite to nitrate in their genomes, and indeed completely oxidize ammonium to nitrate to conserve energy. Their ammonia monooxygenase (AMO) enzymes are phylogenetically distinct from currently identified AMOs, rendering recent acquisition by horizontal gene transfer from known ammonia-oxidizing microorganisms unlikely. We also found highly similar amoA sequences (encoding the AMO subunit A) in public sequence databases, which were apparently misclassified as methane monooxygenases. This recognition of a novel amoA sequence group will lead to an improved understanding of the environmental abundance and distribution of ammoniaoxidizing microorganisms. Furthermore, the discovery of the longsought-after comammox process will change our perception of the nitrogen cycle.
Even though the existence of a single microorganism capable of oxidizing ammonium to nitrate (equation (3)) was not previously reported, it was proposed that such a microorganism could have a competitive advantage in biofilms and other microbial aggregates with low substrate concentrations 3 . In this study, to characterize the microorganisms responsible for nitrogen transformations in an ammonium-oxidizing biofilm, we sampled the anaerobic compartment of a trickling filter connected to a recirculation aquaculture system 4 with an ammonium effluent of less than 100 μM. To enrich for the N-cycling community, a bioreactor was inoculated and supplied with low concentrations of ammonium, nitrite and nitrate under hypoxic conditions (≤3.1 μM O 2 ). Within 12 months, we obtained a stable enrichment culture that efficiently removed ammonium and nitrite from the medium (Extended Data Fig. 1 ). The culture showed anaerobic ammonium-oxidizing (anammox) activity (Fig. 1a) , and fluorescence in situ hybridization (FISH) revealed that anammox organisms of the genus Brocadia constituted approximately 45% of all FISH-detectable bacteria. Surprisingly, Nitrospira-like nitrite-oxidizing bacteria accounted for approximately 15% of the community and co-occurred with the Brocadia species in flocs ( Fig. 2a ). This tight clustering with anammox bacteria was unexpected as both microorganisms require nitrite for growth. Together with the presence of Nitrospira at very low oxygen concentrations, this indicated that there could be a functional link between these organisms.
To determine the function of Nitrospira in the community, we extracted and sequenced total DNA from the enrichment culture biomass. In total 4.95 gigabase pairs of trimmed metagenomic sequence were obtained and used for de novo assembly. By differential coverage and sequence composition-based binning 5 it was possible to extract high-quality draft genomes of two Nitrospira species. The two strains had genomic pairwise average nucleotide identities (ANI) 6 of 75% and thus clearly represented different species (Nitrospira sp.1 and sp.2, Extended Data Fig. 2 and Extended Data Table 1) . Surprisingly, both genomes contained the full set of AMO and hydroxylamine dehydrogenase (HAO) genes for ammonia oxidation, in addition to the nitrite oxidoreductase (NXR) subunits necessary for nitrite oxidation in Nitrospira 7 . In both species all these genes were localized on a single contiguous genomic fragment, along with general housekeeping genes that allowed reliable phylogenetic assignment. Consequently, these Nitrospira species had the genetic potential for the complete oxidation of ammonia to nitrate. No AMO of canonical ammoniaoxidizing bacteria or archaea could be detected in the trimmed metagenomic reads or by amoA-specific PCR 8,9 on DNA extracted from reactor biomass, and no other indications for the presence of ammonia-oxidizing microorganisms were found in the metagenome or by FISH analyses. The AMO structural genes (amoCAB) of both Nitrospira species, along with the putative additional AMO subunits amoEDD2 10, 11 , formed one gene cluster with haoAB-cycAB (encoding HAO, the putative membrane anchor protein HaoB, electron transfer protein cytochrome c 554 and quinone-reducing cytochrome c m552 , respectively) 12 and showed highest similarities to their counterparts in betaproteo bacterial ammonia-oxidizing bacteria (60% average amino acid identity to the Nitrosomonas europaea genes; Fig. 3 and Supplementary Table 1 ). The same genomic region also contained genes for copper and haem transport, cytochrome c biosynthesis, and iron storage. These accessory genes were highly conserved in ammoniaoxidizing bacteria but not in other Nitrospira 7,13 , indicating their involvement in AMO and HAO biosynthesis or activation. Nitrospira sp.1 encoded three discrete amoC genes, one of which was clustered with a second, almost identical copy of amoA (97.7% amino acid identity). Nitrospira sp.2 lacked the second amoA, but contained four additional amoC and a second haoA gene ( Supplementary Table 1 ). Unlike other Nitrospira 7,13 , both species lacked enzymes for assimilatory nitrite reduction, indicating adaptation to ammonium-containing LETTER RESEARCH habitats. For ammonium uptake, they encoded low-affinity Rh-type transporters most closely related to Rh50 found in Nitrosomonas europea 14 , in contrast to most ammonia-oxidizing and nitrite-oxidizing bacteria that have the high-affinity AmtB-type proteins. Both species encoded ureases and the corresponding ABC transport systems, indicating that urea could be used as an alternative ammonium source. Interestingly, Candidatus Nitrospira inopinata, the moderately thermophilic ammonia-oxidizing Nitrospira described by Daims et al. 15 , encoded a similar set of AMO, HAO and urease proteins, and also lacked genes for assimilatory nitrite reduction. Unlike the two species described here, however, it contained a periplasmic cytochrome c nitrite reductase (NrfA) that could allow it to conserve energy by dissimilatory nitrite reduction to ammonium (DNRA), but might also provide ammonium for assimilation. The evolutionary divergence of these organisms was also reflected in the low ANI values of 70.3-71.6% between Candidatus N. inopinata and the two species described here. Concerning their genetic repertoire for nitrite oxidation, sp.2 had four almost identical (>99% amino acid identity) NXR alpha and beta (NxrAB) subunits. Sp.1 had two nxrAB copies encoding identical NxrB subunits, but NxrA subunits with amino acid identities of 89.6%, which were separated into distinct clusters in phylogenetic analyses. One homologue branched with sequences from Nitrospira moscoviensis, while the other formed a novel sequence cluster together with the sequences from sp.2 (Extended Data Fig. 3 ).
To ascertain that ammonia oxidation occurred under hypoxic conditions in the enrichment culture, we supplied the bioreactor with 15 N-labelled ammonium. While the anammox bacteria consumed 15 NH 4 + and converted it into 29 N 2 , a steady increase of 30 N 2 was also observed (Fig. 1a ). This formation of 30 N 2 could only be explained by the production of 15 N-labelled nitrite derived through aerobic ammonium oxidation. As metagenomic analyses confirmed that the Nitrospira species were the only organism in the enrichment harbouring AMO and HAO, this clearly showed that they were able to perform this reaction even at O 2 concentrations lower than 3.1 μM. To unambiguously link this activity to Nitrospira, we visualized the AMO protein in situ using batch incubations with reactor biomass and FTCP (fluorescein thiocarbamoylpropargylamine), a fluorescently labelled acetylene analogue that acts as suicide substrate for AMO 16 and covalently binds to the enzyme 17 . When counterstained with Nitrospira-specific FISH probes, including a newly designed probe specifically targeting the 16S ribosomal RNA-defined phylogenetic group comprising spp.1 and 2 (Extended Data Table 2 and Extended Data Fig. 4 ), strong FTCP labelling of Nitrospira cells was observed, providing strong support for Cells are stained by FISH with probes for all bacteria (EUB338mix, blue), and specific for Nitrospira (Ntspa712, green, resulting in cyan) and anammox bacteria (Amx820, red, resulting in magenta). b, AMO labelling by FTCP (green). Nitrospira was counterstained by FISH (probes Ntspa662 (blue) and Ntspa476 (red), resulting in white). c, Ammonium-dependent CO 2 fixation by Nitrospira shown by FISH-MAR. Silver grain deposition (black) above cell clusters indicates 14 CO 2 incorporation. Nitrospira was stained by FISH (probes Ntspa476 (red) and Ntspa662 (blue), resulting in magenta). Images in b and c are representative of two individual experiments, with three (b) or two (c) technical replicates each. Scale bars in all panels represent 10 μm.
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the presence of the ammonia-oxidizing enzyme at the single-cell level ( Fig. 2b and Extended Data Fig. 5 ).
Batch incubations were performed at ambient oxygen concentrations to determine conversion rates of ammonium and nitrite, the level of inhibition by allylthiourea (ATU; a potent inhibitor of bacterial ammonia oxidation 18, 19 ) , and the use of urea as ammonium source for nitrification. Flocs were mechanically disrupted to ensure complete exposure of the biomass to oxygen, which inhibits the anammox and denitrification processes 20, 21 . This inhibition was confirmed by the lack of labelled N 2 formation in incubations with 15 NH 4 + . In these incubations ( Fig. 1 and Extended Data Fig. 6 ), the culture oxidized ammonium (6.0 ± 1.0 μM h −1 NH 4 + ) and nitrite (23 ± 4.7 μM h −1 NO 2 − ) to nitrate. ATU selectively inhibited ammonia oxidation, but did not affect nitrite oxidation rates. Urea was converted to ammonium, which was subsequently oxidized to nitrate (7.8 ± 1.1 μM h −1 NO 3 − ), suggesting that these Nitrospira species were capable of using urea as source of ammonia to drive nitrification, as was also reported for some ammoniaoxidizing archaea 22 and bacteria 23 . This trait could enable them to thrive in environments like fertilized soils, wastewater treatment plants, and many aquatic systems where urea is often present at micromolar levels 24 . However, it should be noted that the two Nitrospira spp. were not the only organisms in the enrichment culture that encoded ureases.
To investigate substrate-dependent inorganic carbon fixation as a proxy for energy conservation from ammonia and nitrite oxidation, we used FISH in combination with microautoradiography (FISH-MAR) 25 . Aerobic incubations with mechanically disrupted flocs were performed in the presence of 500 μM ammonium, 500 μM ammonium with 100 μM ATU, or 500 μM nitrite. Nitrospira incorporated carbon from 14 C-labelled bicarbonate in the presence of either ammonium or nitrite, and ammonia-dependent carbon fixation was strongly inhibited by the addition of ATU ( Fig. 2c and Extended Data Fig. 7 ). Only flocs containing Nitrospira were labelled during all incubations, suggesting that these were the only chemolithoautotrophic nitrifying organisms present in the culture and indeed could conserve energy from the oxidation of ammonia and nitrite.
In 16S rRNA-based phylogenetic analyses, the two ammonia-oxidizing Nitrospira species from our enrichment culture formed two separate lineages within one strongly supported sequence cluster affiliated with Nitrospira sublineage II 26 (Extended Data Fig. 4 ). They both grouped with highly similar sequences (>99% nucleotide identity) from a diverse range of habitats, including soil, groundwater, recirculation aquaculture systems, wastewater treatment plants and drinking water distribution systems. The formation of distinct clusters containing sp.1 and sp.2 indicated that the last common ancestor encoded genes for complete nitrification and that this pathway might be conserved in most organisms affiliated with this sequence group.
To explore the environmental relevance of these Nitrospira, we searched the NCBI nr database 27 for closely related amoA genes. Surprisingly, we found the AmoA proteins of the two Nitrospira species to be phylogenetically divergent from the described bacterial AmoA sequences. Nitrospira sp.2 AmoA was 97-98% identical to the so-called 'unusual' methane monooxygenase (PMO) proteins of Crenothrix polyspora 28 . The two AmoA copies from Nitrospira sp.1 had lower similarities to Crenothrix PmoA (90-91% identity), but also affiliated with this group (Fig. 4 ). Sequences within this group cannot be amplified by standard amoA primers, but only by pmoA primers when used at reduced stringency 29 . Therefore the public databases only contain few closely related sequences, which were mainly derived from habitats studied for their bacterial methane-oxidizing communities. Highly similar sequences derived from wastewater treatment plants and drinking water systems, however, indicated occurrence of ammoniaoxidizing Nitrospira in a range of engineered and natural environments. We furthermore screened all publicly available shotgun data sets on MG-RAST 30 . Indeed, 168 metagenomes (out of 6,255) and 28 metatranscriptomes (out of 1,051) contained at least two reads affiliated with this amoA group, yielding a total of 3,727 reads that were obtained mainly from soil, sediments and wastewater treatment plants (Extended Data Table 3 ). Thus, our results showed that the Crenothrix sequence group consists of so far unrecognized AMO sequences overlooked in nitrification studies based on amoA gene detection. Based on these findings, it is highly likely that the PCR-based determination of the Crenothrix pmoA gene from an environmental sample 28 was erroneous, and this cluster only contains genes encoding AMOs. Nevertheless, with the currently available information it cannot be excluded that certain Crenothrix species attained an amoA gene through lateral gene transfer and use the encoded protein as a surrogate PMO.
In conclusion, here we demonstrated the existence of complete nitrification in a single organism (comammox) and identified two Nitrospira species capable of catalysing this process (equation (3)). In 16S rRNA or amoA/pmoA-based studies these organisms would have been classified as nitrite-oxidizing or methane-oxidizing bacteria, respectively. Hence, our results show that a whole group of ammonia-oxidizing organisms was previously overlooked. Our findings furthermore disprove the long-held assumption that nitrification (ammonia oxidation via nitrite to nitrate) is catalysed by two distinct functional groups, thus redefining a key process of the biogeochemical nitrogen cycle.
Based on their physiology, differences in genome content, and separation in different phylogenetic groups in 16S rRNA-based analyses, Supplementary Information is available in the online version of the paper.

METHODS
No statistical methods were used to predetermine sample size, the experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment Enrichment and cultivation. A bioreactor was inoculated with biomass from a recirculation aquaculture system biofilter (3.5 l, obtained from the anoxic part of the trickling filter compartment) connected to an aquaculture system. The system accommodated common carp (Cyprinus carpio, approximately 3.5 kg total weight) and had a total volume of 900 l. The bioreactor (Applikon Biotechnology BV, Schiedam, The Netherlands) consisted of stainless steel and glass, had a 7 l working volume, was equipped with pH and dissolved oxygen sensors (Applikon Dependable Instruments BV Applisens, Schiedam, The Netherlands) and connected to an ADI1030 biocontroller (Applikon Biotechnology BV, Schiedam, The Netherlands). It was operated as a sequencing batch reactor (SBR) with 12 h or 24 h cycles. In the first 5 months, the reactor was operated with a 24 h cycle that consisted of 23 h 15 min filling, 15 min settling (no stirring) and 30 min removal of the supernatant. Afterwards, in 12 h cycles, each filling cycle consisted of 11 h 15 min, followed by 15 min settling and 30 min removal of the supernatant. During every filling period, the reactor was supplied with 600 ml of medium (0.83 ml min −1 ). The reactor and the medium were flushed constantly with Ar/CO 2 (95%/5% v/v, 10 ml min −1 ). The temperature was kept at 23 ± 1 °C with a heating blanket and pH was maintained at 6.99 ± 0.1 using a 1 M KHCO 3 solution. The reactor was stirred at 200 r.p.m. Medium was prepared using aquaculture water taken from the recirculation aquaculture system biofilter. This water con- DNA extraction and genome sequencing. DNA was extracted using the PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) or a CTAB-based extraction method 31 . 1 μ g of DNA was used to prepare paired-end sequencing libraries using the TruSeq PCR-free kits (Illumina, San Diego, CA, USA) following the manufactures recommendation except that the 550 bp protocol was used with 1 μ g of input DNA. Mate-pair libraries were prepared using the Nextera Mate-pair kit (Illumina) using the gel-free approach. The prepared libraries were sequenced using an Illumina MiSeq with MiSeq Reagent Kit v3 (2 × 301 bp; Illumina). Bioinformatics. Data generation and binning of metagenome scaffolds to individual genome bins was conducted as described in the mmgenome workflow 32 which builds on the multi-metagenome principles 5 . Paired-end Illumina reads in FASTQ format were imported to CLC Genomics Workbench v.8.0 (CLCBio, Aarhus, Denmark) and trimmed using a minimum phred score of 20, a minimum length of 50 bp, allowing no ambiguous nucleotides and trimming off Illumina sequencing adaptors. Mate-pair reads in FASTQ format were trimmed using NextClip 33 and only reads in class A were used for assembly. Passing reads were co-assembled using CLCs de novo assembly algorithm, using a kmer of 63 and a minimum scaffold length of 1 kbp. The trimmed metagenome reads were afterwards independently mapped to the assembled scaffolds using CLCs 'map reads to reference' algorithm, with a minimum similarity of 95% over 80% of the read length.
Open reading frames were predicted in the assembled scaffolds using the metagenome version of Prodigal 34 . A set of 107 HMMs of essential single-copy genes 35 were searched against the predicted open reading frames using HMMER3 36 with default settings, except for the use of the trusted cut-off (-cut_tc). Identified proteins were taxonomically classified using BLASTP against the RefSeq (version 52) protein database with a maximum e-value cut-off of 10 −5 . MEGAN 37 was used to extract class level taxonomic assignments from the BLAST .xml output file. The script network.pl was used to extract paired-end read connections between scaffolds using a SAM file of the read mappings to the metagenome.
Individual genome bins were extracted using the multi-metagenome principles 5 and refined using tetranucleotide frequencies, as implemented in the mmgenome R package 32 . The script extract.fastq.reassembly.pl was used to extract paired-end reads from the binned scaffolds, which were used for re-assembly using SPAdes 3.5.0 38 . Paired-end and mate-pair connections were used to manually refine the extracted genome bins. For all genomes quality was assessed using coverage plots through the mmgenome R package and by the use of QUAST 39 and CheckM 40 (see Supplementary Table 2 for CheckM counts of single-copy genes). Manual inspection of potential misassemblies was done using Circos 41 as described 32 . In addition, key regions were manually inspected in CLC Genomics Workbench.
The Nitrospira draft genomes were integrated into the MicroScope annotation platform 42 . The automatic annotation of genes in key metabolic pathways was manually refined using the respective tools in MaGe 43 as described previously 7 . Genomic pairwise average nucleotide identity values were calculated using BLAST (ANIb) in JSpecies 6 .
Absence of canonical bacterial or archaeal amoA sequences in the metagenome data was confirmed by searching a set of reference sequences against a BLAST database containing all trimmed metagenome reads. Code availability. The Rmarkdown files used for extracting the genome bins are available for download 32 . Activity assays. For activity assays, the reactor was supplied with medium containing labelled ammonium ( 15 NH 4 + ). The medium flow was kept at normal operating rate (0.83 ml min −1 ) and the biomass was stirred continuously. Isotopic composition of the nitrogen gas produced was analysed using gas chromatography (Agilent 6890 equipped with a Porapak Q column at 80 °C and a TCD detector at 300 °C; Agilent Technologies, Santa Clara, CA, USA) combined with mass spectrometry (Agilent 5975c, quadruple inert MS).
For batch assays, 150 ml biomass was taken from the reactor and harvested by centrifugation (300g, 10 min). Flocs were disrupted by resuspending the biomass in 1.5 ml mineral medium 44 , followed by rigorous horizontal shaking in the presence of a 0.75 inch glass sphere for 10 min. Subsequently, biomass was washed twice in mineral medium and resuspended in 150 ml mineral medium containing no N-source. 12 ml biomass per incubation was transferred to 30 ml serum bottles and ammonium, nitrite or urea was added (200 μM final concentration). To test for anammox activity and denitrification 15 NH 4 + was used and the headspace analysed for labelled dinitrogen gas production as described above. For inhibition experiments ATU was added to a final concentration of 100 μM and biomass was preincubated for 10 min before substrate addition. Bottles were sealed with rubber stoppers and 10 ml air was added to the headspace to ensure slight overpressure. Incubations were performed at room temperature in the dark with mild agitation (50 rpm). At each time point, 0.5 ml sample was taken and stored at −20 °C for further analysis. Analytical methods. Ammonium was determined colorimetrically using a modified orthophatal-dialdehyde assay 45 (detection limit 10 μM) and nitrite (≥5 μM) by the sulfanilamide reaction 46 . Nitrate (≥1 μM) was measured by converting it into nitric oxide at 95 °C using a saturated solution of VCl 3 in HCl. Nitric oxide was than measured using a nitric oxide analyser (NOA280i, GE Analytical Instruments, Manchester, UK). To determine the total organic carbon (TOC) concentration of the medium, medium was first acidified to remove inorganic carbon. After 6.5× dilution with ultrapure water, samples were measured using a TOC-L CPH/CPN analyser (Shimadzu, Duisburg, Germany). Fluorescence in situ hybridization (FISH). For FISH analysis, samples from the reactor were fixed with 4% (v/v) paraformaldehyde (PFA), followed by hybridization with fluorescently labelled oligonucleotides as described elsewhere 47 . FISH probes used in this study (Extended Data Table 2 ) were 5′ labelled with the dyes FLUOS (5(6)-carboxyfluorescein-N-hydroxysuccinimide ester), Cy3 or Cy5 (Thermo Electron Corporation, Ulm, Germany). After hybridization, slides were air-dried and embedded in Vectashield (Vector Laboratories Inc., Burlingame, CA). Probe-conferred fluorescence was recorded on an Zeiss Axioplan 2 (Carl Zeiss AG, Oberkochen, Germany) equipped with a HBO 100 light source and specific filter sets for the detection of FLUOS, Cy3 and Cy5, a Leica TCS SP2 AOBS (Leica Microsystems, Wetzlar, Germany) or a Zeiss LSM510 META (Carl Zeiss AG) confocal laser scanning microscope (CLSM), both equipped with one argon ion (450-514 nm) and two helium neon lasers (543 and 633 nm). Images were recorded with 63× glycerol or oil immersion objectives at a resolution of 1,024 × 1,024 pixels and 8-bit depth.
For quantifying relative biovolume fractions, PFA-fixed reactor biomass was hybridized to probes Ntspa662, Amx820 and EUB338mix (Extended Data Table 2) as described above. Subsequently, 45 image pairs were recorded at random fields of view using the Leica TCS SP2 AOBS CLSM. The images were imported into the image analysis software daime 48 and evaluated as described elsewhere 49 . AMO-labelling. Washed and disrupted (see above) biomass was incubated for 30 min at room temperature with freshly prepared fluorescein thiocarbamoylpropargylamine (FTCP, synthesized as described elsewhere 16 ). After incubation, cells were harvested, washed, PFA-fixed and hybridized to specific FISH probes as described above. FISH combined with microautoradiography (FISH-MAR). FISH-MAR experiments were performed as described before 50 . 150 ml biomass was taken from the reactor and flocs were disrupted as described above. After harvesting and washing, the biomass was resuspended in mineral medium 44 and transferred to serum bottles. Ammonium or nitrite was added to a final concentration of 500 μM. As controls, incubations with ammonium and ATU (100 μM), without nitrogen source and a dead control (PFA-fixed biomass) were performed. 10 μ Ci [ 14 C]-labelled bicarbonate were added to all samples, bottles were sealed with rubber stoppers and incubated at room temperature in the dark for 18 h. After incubation, the biomass was harvested by centrifugation (20,000g, 10 min), PFA-fixed and FISH was performed on coverslips as described above. Hybridized samples were dipped in preheated (48 °C) and diluted (1:1 with deionised water) film emulsion (Ilford
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Nuclear Emulsion K5, Harman Technology, UK). After overnight drying at room temperature, samples were exposed for 6 days at 4 °C and developed in Kodak D19 developer as described before 50 . Images were recorded on a Zeiss LSM510 META CLSM as detailed above. To correct for the different levels of unspecific silver grain deposition in the incubations, the degree of silver grain formation in areas without biomass was compared to the amount of silver grains above biomass flocs. Only cell clusters which showed grain deposition clearly above background level were considered positive. Phylogenetic analyses. 16S rRNA sequences with nucleotide identities ≥ 98% and amoA sequences with identities ≥ 70%, to the respective sequences of Nitrospira sp.1 or sp.2 were identified in the NCBI nr database by BLAST 27 . 16S rRNA sequences were imported into the SILVA 51 small subunit ribosomal RNA database release 119, amoA sequences in a custom-made database containing a reference set of amoA and pmoA sequences. nxrA sequences were imported in a custom-made database containing all published sequences from Nitrospira, Nitrospina and anammox organisms. Sequence alignments for all data sets where generated and manually refined using ARB 5.5 52 . Bayesian interference trees were calculated using MrBayes 3.2.3 53 until a standard deviation <0.01 was reached. For 16S rRNA analyses the GTR substitution model and a 50% conservation filter resulting in 1463 valid alignment positions were used. amoA genes were translated into their amino acid sequence and a 10% conservation filter resulting in 264 alignment positions in combination with the WAG substitution model were used for tree calculation. nxrA trees were calculated from nucleic acid sequences with the GTR substitution model and without conservation filter, resulting in 2,660 distinct alignment patterns. For all trees 50% majority rule consensus trees are shown. Database mining. All 7,306 public shotgun metagenomes and metatranscriptomes available in MG-RAST 54 were searched for the presence of the diagnostic amoA gene. Data sets were downloaded and searched against a small set of characteristic amoA sequences using DIAMOND 55 with the default settings. The resulting 44,993 hits were filtered using a BLAST score ratio 56 of the initial alignment score versus the alignment score against the NCBI nr. Table 2 ). Scale bar indicates 10% sequence divergence. The tree contains a total of 181 sequences; the size of sequence groups is indicated in brackets. Sequences from members of Nitrospira sublineages I and IV were used as outgroup (n = 24); the outgroup position is indicated by the arrow. 
